To report our experience of a series of percutaneous nephrolithotomy (PCNL) procedures in a single centre over 18 years in terms of patient and stone characteristics, indications, stone clearance and complications, along with the results of chemical analysis of stones in a subgroup.
Introduction
Pakistan is located in the middle of the Afro-Asian stone belt, with stone prevalence in the range of 12-15% [1] . Stone disease constitutes 50% of the urological workload in the adults and 60% of the workload in the children [2] presenting to our institution, which treats nearly one million patients annually, free of cost. Although percutaneous nephrolithotomy (PCNL) under image guidance was first described by Fernstrom and Johansson in 1976 [3] , PCNL for treating renal stone disease at the Sindh Institute of Urology and Transplantation was established in 1997. Currently, PCNL is the standard of care for renal calculi that are >2 cm in size, are complex (e.g. staghorn calculi), ESWL refractory and involve the lower calyx. Other indications include cystine stones, stone in calyceal diverticuli and those associated with renal anatomical anomalies [4] .
Many new developments have occurred with regard to the PCNL technique, including miniaturization of the equipment to reduce the track size and the option of performing the procedure with the patient in a supine position either as standard approach, or in select patients with specific needs.
The availability of newer technologies for intracorporeal lithotripsy has improved the safety and efficiency of the procedure. These developments have influenced our surgical approach since starting the programme. Over the years we have performed in situ fragmentation of stones, beginning with electrohydraulic lithotripsy and subsequent switch over to other methods, including ultrasonography, ballistic lithotripsy, combination of ultrasonography and ballistic lithotripsy (LithoClast Master; EMS, Nyon, Switzerland) and lasers. We have also adopted tubeless PCNL in selected cases to reduce the nephrostomy-associated site pain and length of hospital stay. Imaging in stone disease has influenced the practice significantly with regard to the primary diagnosis, preoperative assessment and also planning of PCNL from IVU to CT scan. Our experience of PCNL for treating a paediatric population has been published previously [5] . The aim of the present study was to report our experience, from a developing country perspective, of a large consecutive cohort of patients treated over a 18-year period in a single institution in Pakistan.
Patients and Methods
A total of 3402 patients underwent PCNL at the Sindh Institute of Urology and Transplantation, Karachi, Pakistan, between June 1997 and December 2014. Of these, 2501 (73.5%) were male and 901 (26.5%) were female (male:female ratio 2.8:1), and their mean age was 35.8 AE 12.7 years (Range: 15-80 years). Children under 14 years were excluded from the analysis as these patients were treated at the Paediatric Urology Centre of the Sindh Institute of Urology and Transplantation.
In the initial period, diagnostic imaging included ultrasonography, plain abdominal film of the kidney, ureter and bladder (KUB), and IVU. In recent years CT-KUB/CT-IVU has become the standard investigation of choice. Patients with proven UTI were treated with an appropriate antibiotic for 1 week before the procedure. Those with obstructed kidneys, renal failure and sepsis had emergency percutaneous nephrostomy drainage and subsequently underwent PCNL after improvement in renal function, sepsis and their general condition.
Patients with low haemoglobin levels (<10 g/dL) were transfused before the procedure. All patients underwent preoperative anaesthetic assessment. Those with known hepatitis C or B were assessed by a hepatologist. Patients with uncontrolled hypertension and diabetes had these conditions optimized by the respective physicians. Stone fragments were analysed using Fourier transformation infrared spectroscopy in 1595 patients.
Percutaneous Nephrolithotomy Technique
All procedures were performed under general anaesthesia. After initial placement of the ureteric catheter (5-F) with a cystoscope in the respective renal moiety, patients were placed in the prone position with pads at the chest and pelvis to allow free respiratory movements during ventilation. After cleaning the operation site with pyodine, the PCNL drape was placed and lower posterior calyx delineated by injecting air and contrast through the ureteric catheter. A retrograde urogram was routinely used to delineate the anatomy of the pelvicalyceal system and location of the stone. The pelvicalyceal system was accessed with an 18-guage, lumbar puncture needle, or Kellett needle, under fluoroscopic guidance. Areas of parenchyma with thin cortex were avoided. The preferred technique of access was the bull's eye sign technique in this series. With the C-arm in 30°position, an 18-G lumbar puncture needle or Kellet needle tip was positioned so that the lower calyx, needle tip and needle hub were in line with the image intensifier, giving a bull's eye effect on the monitor. We applied intermittent fluoroscopic monitoring to reduce radiation exposure to the surgeon. Needle depth was ascertained by rotating the C-arm to a vertical orientation and, after the needle was aligned with the calyx in vertical view, urine was aspirated with a 5-ml syringe, that confirmed the proper position. The needle was always advanced in oblique view to assess the depth of the needle. Once clear urine passed out through the needle on aspiration, a 0.089 cm diameter soft-end terimo guidewire was passed and directed into the ureter. If a J tip guidewire failed, then a glide wire was passed. Tract dilatation was initially performed with fascial dilators (up to 10 F) and was followed by dilatation with metallic dilators up to 27 F in size over a central rod. A 30-F Amplatz sheath was then passed over the dilator assembly and appropriately positioned. Using a 24-27-F rigid nephroscope, the stone/stones were visualized with the endoscopic camera via the monitor (Storz; Tuttlingen, Germany) and fragmented with the chosen energy source either with a Swiss LithoClast, ultrasonic lithotriptor (Wolf), combined ultrasonography and pneumatic lithoclast (EMS) or laser lithotripsy (Auriga). Stone fragments were removed with bi-or tri-radiate graspers. An 18-22-F Nelaton catheter was used as a nephrostomy tube for 24-48 h. Ultrasonography and X-ray KUB were carried out on the first postoperative day to check stone-free status.
Data were entered into a designated database. Variables collected were age, sex, laboratory investigations, imaging, calyx punctured, duration of operation, irrigation fluid, radiation time, intracorporeal energy sources, peri-operative and postoperative complications, blood transfusion and stonefree status at 1-month follow-up, assessed using X-ray KUB and ultrasonography in a dedicated stone clinic. Stone-free status was defined as either no identifiable stone or a fragment <4 mm in size. Complications were classified according to the modified Clavien-Dindo grading system [6] in the two eras studied: during the first era, 1997-2005, 1485 PCNL procedures were carried out and during the second era, 2006-2014,~1917 PCNL procedures were carried out.
The data were transferred and analysed using SPSS version 20.0 (Chicago, IL, USA). Qualitative data are expressed as numbers or percentages and quantitative data are presented as mean AE SD and ranges. Comparisons of proportions between two groups were evaluated using a chi-squared test at the significance level of 0.05.
Results
In Fig. 1 .
The large majority of patients (n = 2783, 81.8%) presented with flank pain. The remainder presented with dysuria (n = 267, 7.8%), haematuria (n = 163, 4.8%), fever with UTI (n = 146, 4.3%) and acute renal injury (n = 42, 1.2%). The diagnosis was made on ultrasonography/KUB X-ray AE IVU in 3218 patients (94.6%) and CT KUB in 184 patients (5.4%).
The right renal moiety was treated in 1813 patients (53.3%) and the left in 1541 (45.3%), while 48 patients (1.4%) underwent bilateral PCNL.
Some patients had undergone treatment for stones previously with ESWL (1.5%), ureterorenoscopy (0.7%), stenting followed by ESWL (0.5%), pyelolithotomy (1.7%), percutaneous nephrostomy followed by PCNL (0.2%) or nephrectomy (0.4%). With regard to location and stone characteristics, 2143 patients (63%) had stones in the renal pelvis, 741 (21.8%) had renal pelvic plus one calyx, 476 (13.9%) had partial staghorn calculi (renal pelvis plus two calyces), and 107 (3.1%) had complete staghorn calculi.
The lower pole calyx approach was used in 2820 patients (82.8%), the upper calyx approach was used in 434 patients (12.8%) and the middle calyx puncture approach was used in 133 patients (3.9%). In 99% of patients a single puncture was used to clear the stone and multiple punctures were used in 1% of cases. The intracorporeal lithotripsy energy source was ultrasonography in 917 patients (26.9%), pneumatic lithoclast in 1820 patients (53.4%), laser in 141 (4.1%), and LithoClast Master in 524 patients (15.4%). After the procedure, 3315 patients (97.4%) had a 18-22-F Nelaton catheter inserted as a nephrostomy tube, while 69 patients (2.03%) underwent tubeless PCNL. Normal saline was used as an irrigation fluid, ranging from 7 to 37 L, with a mean of 28.4 L.
The mean (AESD; range) operating time was 138 (AE40; 35-251) min. The hospital stay ranged from 2 to 7 days with mean duration of 3.4 AE 1.6 days. The radiation time ranged from 1 to 25 min with mean of 7.09 AE 4.8 min.
Outcomes and complications were assessed in two eras (1997-2005 and 2006-2014) , as shown in Table 2 . The overall stone-free rate of 83.2% (1596 patients) in the second era was significantly higher than in the first era 78.1% (1160 patients; P < 0.001). The overall stone clearance among all patients was achieved with PCNL monotherapy in 2551 patients (75%). An additional 68 patients (2%) were rendered stone-free with a sandwich approach (PCNL, ESWL + second-look PCNL) and in 137 patients (4%) PCNL and ESWL were combined to render them stone-free. The overall stone-free rate was 81%.
A total of 644 patients (18.9%) were left with significant stones. Of the 131 patients with complete staghorn calculi, 75 (57.2%) had significant residual fragments after PCNL; however, eight patients (6.1%) in this sub-group were rendered stone-free with either ESWL and second-look PCNL, thus achieving a success rate of 63.3%.
Complications occurred in 517 patients (15.2%) and, of these, 230 (6.7%) experienced more than one complication. The most common complication was fever (9.1%), followed by haematuria and bleeding (8.2%) requiring blood transfusion and hydrothorax in 34 (0.99%). Serious complications included urosepsis in 31 patients (0.91%), severe intraoperative haemorrhage in three patients (0.09%) and there were three deaths (0.09%). The complication rate of 21.3% (317 patients) in the first era was significantly higher than in the second era (10.3% [199 patients]; P < 0.001). Rates for fever, haematuria, hydrothorax, procedure failure and calyceal leak or perforation of the pelvicalyceal system were significantly higher in the first era ( Table 2) .
Management of post-PCNL complications included blood transfusion in 8.2% and antibiotics for postoperative pyrexia in 290 patients. Chest drains with hydrothorax were required in 34 patients (0.9%). Selective angioembolization was carried out in eight patients with postoperative haematuria, intractable bleeding was treated with nephrectomy in three patients, and a JJ stent was placed for calyceal leak in 40 patients (1.2%). The reasons for failure of the procedure in 63 patients were failed access in 25 (0.7%), intraperitoneal leak in 18 (0.5%), excessive bleeding in 12 (0.35%), dislodgment of sheath in six (0.17%) and floating kidney in two patients (0.05%).
Chemical analysis of stone fragments was available for 1559 patients as the practice was introduced halfway through the series. Of the 1559 stones, 648 (41%) were pure, composed of a single constituent, and 911 (59%) were mixed stones ( Table 3 ). The majority (79%) of the pure stones were composed of calcium oxalate. In the mixed group, 65.5% were composed of calcium oxalate and calcium phosphate. Struvite stones in the pure as well as the mixed group constituted~3% of all the fragments. A comparative analysis of success rate and complications of different reported series is given in Table 4 [7] [8] [9] [10] [11] .
Discussion
Stone disease is highly prevalent in Pakistan, located as it is in the middle of Afro-Asian stone belt. As mentioned above, stone disease constitutes 50% of the urological workload in the adults and 60% in the children [2] presenting to our institution. The management of stone disease, with its Table 2 Comparison of stone-free rates and complications in the two eras studied (N = 3402).
Years
Stone freerate, n ( associated complications, constitutes the bulk of the clinical activity in our institution, which offers free treatment to nearly one million patients annually, with access to the facilities round the clock. Stone disease accounts for 10% of patients who have end-stage renal insufficiency requiring dialysis or transplantation at this institute, which provides 27% of the dialysis for a country with 200 million population.
Since the establishment of PCNL programme in 1997, the procedure has become the mainstay of treatment for large and complex renal stones, with 355 PCNL procedures performed in the year 2014. A prospective database has been maintained since the start of the programme, forming the basis of the present study. Overall, PCNL constituted 3.6% of all stone procedures during this period. Although this rate is lower than that reported in a study from India [12] , we have witnessed an increase in numbers over the last 9 years. One of the reasons for lower numbers at our institution is that we use ESWL (four machines in the centre) as the first-line preferred treatment for stones <2 cm because it is less invasive compared with PCNL. Given a choice, patients prefer ESWL to PCNL because of fear of anaesthesia and surgical complications. Another study from Chicago reported similar trends for PCNL; however, in that study, there was an increasing trend towards ureteroscopic procedures in their centre compared with PCNL [13] , a phenomenon currently evident in more developed countries.
In the present series the male to female ratio was 3.8:1, which differs from our previous reports in which the ratio was 4.5:1 [14] . With regard to imaging before PCNL, CT was introduced in 2004 and, up to 2014, 184 cases (5.61%) were imaged using CT, while the remainder underwent X-ray KUB plus ultrasonography or IVU, which was usually performed in the peripheral smaller units because of economic constraints. In the recent literature, CT is now reported to be the firstchoice imaging technique before PCNL to measure stone size, density, morphometry and volumetry, using various scores, and also to predict stone-free status and complications after PCNL [15] .
In the present study, the overall stone-free rates shown in the two eras were different: 78% vs 83.2%. With combined PCNL plus ESWL plus second-look PCNL (sandwich therapy) the stone-free rate improved. Superior stone-free rates were achieved in our paediatric population, reaching 89% [5] . The stone-free rate in staghorn calculi is lower in the present series compared with a series from India, for which a stonefree rate of 80% was reported [7] ; however, the stone-free rate in a study of ESWL monotherapy for staghorn calculi was reported to be only 33% [16] , which makes a case for PCNL as the first choice of treatment for staghorn calculi. The present study, similarly to other studies, has shown that results improved with experience in the second era [11, 17] . Stone-free status in the present series was assessed by X-ray 
AHU, ammonium hydrogen urate; CaP, calcium phosphate; COD, calcium oxalate dihydrate; COM, calcium oxalate monohydrate; UA, uric acid. KUB and ultrasonography. CT was not used to confirm the stone-free status, therefore, it is probable that the stone-free rate may be lower than that reported in the present paper, especially for partial and complete staghorn calculi.
Whenever possible, PCNL access was achieved through a single tract rather than multiple tracts, as the latter procedure increases the risk of bleeding and parenchymal damage. Multiple tracts were necessary, however, in 1% of patients in the present study. It is well known that access through the superior calyx improves clearance of all calyceal calculi if combined with flexible nephroscopy [18] .
Percutaneous access for PCNL procedure was achieved by fluoroscopy at our centre because the tract was created by a urologist in all cases. Recently, the use of ultrasonography as an imaging and access technique has been reported by many centres [19] . This reduces the X-ray exposure to the patient and surgeon, but needs special ultrasonography equipment and training. Ultrasonography has the advantages of being readily available, inexpensive and portable and of having no radiation hazards. Its greatest advantage is real-time monitoring of the needle tip, and its use in pregnancy, and in ectopic and transplanted kidneys for percutaneous access is preferable [20] ; however, it should be emphasized that fluoroscopy is an indispensable component of safe percutaneous surgery. There are two methods to gain fluoroscopy-guided access: the bull's eye technique and the triangulation technique [21] . In the present series, we used the bull's eye technique in almost 99% of cases.
The numbers of patients treated who had a solitary functional kidney with stone, a horseshoe kidney, a malrotated kidney, an ectopic kidney, a polycystic kidney, PUJ obstruction, stones with renal failure, and musculoskeletal abnormalities were low in this series (3.2%) because of the learning curve in the initial period; however, with increasing expertise our selection criteria are expanding to manage even complex stone cases, ESWL failures, lower pole calculi and diverticular calculi.
Previous treatment in the form of PCNL, ESWL, pyelolithotomy or ureterorenoscopy may adversely affect the outcome of the procedure. Our experience shows that patient history of these surgical procedures did not affect the PCNL outcome, the need for auxiliary procedures, the cost or the length of hospital stay.
The total complication rate was 15.2% in the present series.
The Clinical Research Office of the Endourological Society PCNL global study [4] reported a complication rate of 20%. Clavien-Dindo classification grade IIIa complications included hydrothorax in 34 patients (0.98%), necessitating chest tube placement without anaesthesia, while grade IIIb complications included procedure failure, necessitating open surgery in 63 patients (1.8%), arterio-venous fistula in eight patients (0.2%), necessitating selective angioembolization, and persistent calyceal leakage in two patients (0.05%), requiring JJ stent under general anaesthesia. The indications for selective angioembolization were post-PCNL haematuria, which did not settle with conservative treatment, confrontation of arterio-venous fistula or pseudoaneurysm by colour Doppler index carried out at our centre. Urosepsis was seen in 31 patients (0.9%), who required intensive care unit admission and management and this was classified as a grade IVa complication. Three patients died (Clavien grade V): one from myocardial infarction, one from uncontrolled haemorrhage from coagulopathy (Hepatitis C positive) and one from anaesthesia-related complications attributable to obesity, prone position and an airway problem.
Various modifications of standard PCNL have been reported in the recent literature. Minimally invasive PCNL has been reported in a Chinese study in >12 000 patients, with fewer complications than experienced in the present series. This suggests that tract size is one of the most important determinants of complications after PCNL [22] .
Although the role of open stone surgery has diminished, it is still performed for very complex staghorn renal calculi (10-20%) in many developing countries, including Pakistan [23] ; however, as a result of lower morbidity and equivalent outcomes of PCNL, the days of open stone removal in the current era are numbered. With regard to economic factors and the cost-effectiveness of PCNL vs open stone surgery in a developing country, such as Pakistan, initial investment for PCNL is higher including the cost of C-arm, intracorporeal lithotripters (ultrasonography, pneumatic lithoclast, holmium laser) and the PCNL set (dilators, sheaths, nephroscope etc.) and amounts to > Rs. 15 million (£1 m) compared with an open surgery set (Rs. 0.1 million) as no accessories are required. Ongoing innovations in PCNL techniques and energy sources do require additional investments to keep pace with progress in the field. Conversely, the benefits of early recovery, less pain, shorter scars, minimal wound complications, reduced hospital stay and early return to work are the benefits of PCNL [23] .
The chemical composition of stones showed that 41% were pure and 59% were mixed stones. The majority of the stones were composed of calcium oxalate. Similar findings have been reported from China, where pure stones constituted 37% and mixed stones 63%, and calcium oxalate was the major component [24] . These findings contrast with those reported from Europe, where, of 10 438 calculi, 6.9% were pure stones and the rest were mixtures [25] . The high proportion of mixed stones can be explained by the use in Europe of superior techniques of Fourier transformation infrared spectroscopy and selective sampling of significant areas, including the core and surface of stones [26] .
Our experience has taught us that, although PCNL and ESWL are complementary procedures, it is highly likely that because of better cost-effectiveness (Rs. 12,000 per PCNL), superior efficacy and reduced re-treatment rates, the role of ESWL therapy will diminish further [13] .
During PCNL, various sources of intracorporeal lithotripsy have been used to fragment the stones, with its inherent benefits and limitations. Pneumatic lithoclast was the most common source of energy used to fragment the stones in 53.4% of the cases in the present study. This is an example of direct-contact lithotripters, in which the projectile is set in motion, resulting in a jack-hammer effect. The main advantage in poor countries such as Pakistan is that it is costeffective as the probe is reusable and effective in hard stones. In our experience of pneumatic lithoclast and laser treatment, both are effective in PCNL procedures but laser treatment has a high initial cost and longer operating times, with an equal success rate [27] . In the newer techniques of mini-perc and micro-perc for smaller renal calculi, however, laser is the only currently available technique suitable for use with miniaturized instruments that has good results [28] . In the present series, ultrasound energy was used in 27% and combined ultrasonography and lithoclast in 15.4% cases. A comparison of combined ultrasonography and lithoclast vs ultrasonography showed the same results for both, but combined equipment was more effective against harder stones [29] . Combined ultrasonography and lithoclast has the benefit of fragmentation and simultaneous suction of stone fragments and has been found to be very effective in staghorn or partial staghorn calculi in the present series, especially in hard stones. Similar experience was reported by Chen et al. [30] . In our experience, the laser technique is less effective when compared with other methods for fragmentation of partial and complete staghorn calculi, but is safe in patients with bleeding disorders [27] .
The introduction of balloon dilatation of the tract, miniaturization of instruments, tracking and navigating systems during access, the use of robotics [31] , improved intracorporeal lithotripters, tubeless PCNL and supine position with simultaneous performance of retrograde intrarenal surgery have increased the attractiveness of PCNL as treatment method [32] . These recent advances are likely to be added to our armamentarium in the near future.
As the present series spans a long period, during which many developments have taken place, the data on stone morphometry or complexity are not included. This represents a limitation of the present study as these aspects are important in assessing the efficacy of any procedure.
